We analyze how global stock market contagion has been provoked by banking instability, adverse shocks on the US mortgage market and stock market uncertainty during the subprime financial crisis. In this respect, the interbank market has been a major channel to propagate the crises across assets and countries. Beyond, we find, that measures aiming at a stabilization of global banks have been most likely to prevent the crises from further spreading. Thus, we primarily seek to assist policy makers and market participants in their effort to review the success of rescue actions.
Introduction
Since the outbreak of the subprime financial crisis in mid 2007 various actions have been put in place by market participants, governments and central banks to foreclose or at least mitigate the global propagation of 'contagious' shocks in financial markets. Therefore, we seek to review some of these rescue measures. In particular, we study the short-term dynamics of several financial risk factors and how they have spread adverse shocks to global stock markets.
Our analysis yields, that indeed most policy actions in that time have been adequate to limit financial contagion in the short-run. Note, that at this stage we do not provide any evidence regarding their long-term effects. Furthermore, we find, that money market risk premia have channeled adverse shocks from the US mortgage market to global stock markets.
Ergo, we show, how the recent crisis has spilled over to real economies across the globe, whereas existing research mostly focuses on the collapse of international money markets, i.e. Brunnermeier (2009) , Taylor & Williams (2009) and Kacperczyk & Schnabl (2010) .
Hence, we examine, if the rescue strategies of policy makers during the recent crisis have been justified and successful in containing a further crisis spread. Still, few research examines those hypothesis empirically (Duca et al. (2010) , although policy makers across the globe have claimed to protect their home economies from stumbling international banks. In fact, our study indicates that their short-run stabilization has been necessary to mitigate stock market contagion and prevent real economies from negative repercussions. That is, a higher investment risk for banks caused by stock market contagion would probably induce them to curtail lending in response. In this regard, real economies would ultimately be harmed. 1 Moreover, stress in the US mortgage market has significantly contributed to bank instability. 1 Thus, with the benefit of hindsight, those massive government interventions into the economic system might be theoretically motivated from a short-run perspective.
To study stock market contagion and its external factors during the financial crisis, we focus on structural changes in the dynamics of time-varying stock market correlations. For this purpose, we analyze the USD money market, the US mortgage market and stocks markets for 18 industrialized countries. First, we estimate time-varying stock market correlations vis-à-vis the S&P 500 through DCC-GARCH models (Engle & Sheppard, 2001 ) to prevent potential biases, e.g. heteroscedasticity, common-cause interdependence or structural misspecifications, as argued in Forbes & Rigobon (2002) and Corsetti et al. (2005) . Second, contagion is identified by comparing the average levels of these correlations during the crises with the full sample period. Third, by applying a VAR model to stock market correlations for a pre-crisis and crisis period, we examine the influence of external factors. We are therefore able to relate stock market contagion to its presumed sources and channels.
The remainder of the paper is structured as follows. In section 2 we will shortly summarize major contagion channels, before illustrating our empirical hypothesis in section 3.
Thereafter, section 4 describes the employed data, while we conduct our empirical analysis in section 5. Finally, section 6 concludes.
Contagion
Since the seminal book on financial crisis written by Kindleberger (1978) , a widespread literature on financial contagion has developed, which by now is far too extensive, to be shortly summarized here. However, Dornbusch et al. (2000) , Pritsker (2001) , Kaminsky et al. (2003) and recently Reinhart & Rogoff (2009) provide comprehensive surveys on the theoretical and empirical research conducted in this field. Thus, we limit ourselves to concisely describe the fundamental dynamics and sources for financial contagion, which have been developed to explain the repeatedly observed cross-market shock propagations in the course of financial crisis.
In this respect we follow a working definition of financial contagion, where crossmarket correlations significant increase after a shock has hit one financial market. It has been evolved by Mishkin (1991) , Baig & Goldfein (1999) , Dornbusch et al. (2000) , Forbes & Rigobon (2002) , Kaminsky et al. (2003) , Bae et al. (2003) . That is, negative shocks in one market have unusual strong adverse effects on other markets in times of financial turmoil, thereby passing on the 'crisis virus'. Apart from that, three channels for the spreading of financial contagion have been identified so far -the correlated information channel, liquidity channel and risk channel.
First, the correlated-information channel describes a situation, where shocks to one market bare new information, which is also important for other markets. Therefore, negative innovations might directly or indirectly spread to other markets. However, research has mostly concentrated on price changes as the original information shock. For instance, Dornbusch, et al. (2000) and van Rijckeghem & Weder (2001) describe the correlatedinformation channel for direct trade links between countries. Meanwhile Kiyotaki and Moore (2002) focus on balance-sheet losses due to asset price declines, which cause a drop in net worth for all other firms holding the same asset. In contrast, Diamond & Dybvig (1983) more generally show that contagion in the banking system can be provoked as an extreme case of multiple equilibria, once the arrival of new information leads to the rational expectation of an imminent insolvency of a bank. In that case, all investors would withdraw their entire deposits at the same time, thereby forcing the entire banking system to collapse.
Second, the liquidity channel terms a mechanism, where a shock to one financial market translates into a liquidity shortage of all other financial markets, which may finally affect both investor behavior and asset prices. In particular, investors become forced to reallocate funds to prevail their own financial health, thereby forwarding the original shock to other market participants. For example, the model of Allen & Gale (2000) demonstrates how the withdrawal of interbank deposit holdings leaves banks vulnerable to unexpected high liquidity shocks and urges them to asset fire-sales. Similarly, Kodres & Pritsker (2002) emphasize portfolio rebalancing across markets as another source for sustained downward pressure of asset prices due to initial negative price movements. This effect also holds for financial derivatives, as pointed out by Garber (1998) and Dodd (2000) . However, as Brunnermeier & Pedersen (2008) argue, an agent's losses in one market may reduce his funding ability, finally leading to a further disposal of assets. Indeed, Longstaff (2010) finds that falling asset prices have considerably influenced funding liquidity during the subprime financial crisis.
Third, with regard to the risk channel, a shock to one market's risk premium reduces an investor's willingness to take over risk elsewhere. Consequently, shifts in one risk premium might explain return movements in other asset markets, since their risk premium adjusts in response. For instance, the models of Vayanos (2004) and Acharya & Pedersen (2005) exhibit, how innovations to the liquidity risk premium of a particular asset might translate into changes of the entire economy's risk premium. Besides, Taylor 
How Stock Markets Became Infected?
In this section we outline, why the US mortgage market, money market risk premia and stock market uncertainty might induce stock market contagion and how they interact. In fact, our notion is that money market risk premia -counterparty risk and liquidity risk -have propagated adverse shocks towards global stock markets, which have rooted in the US mortgage market. Our point is, that different from traditional asset pricing (Sharpe (1964 ), Lintner (1965 , debt financing is risky and therefore drives the expected rate of return of a leveraged investor.
As a consequence, a diverse set of debt related risk premia potentially affects asset pricing.
Above all, those same factors have brought most money markets around the globe about to deteriorate or even collapse during the subprime crisis. Thus, interbank lending forms an important potential cause or channel for contagion across countries, assets or both.
For the same reason, we focus on unsecured short-term interbank lending, where counterparty risk and liquidity risk are the pre-dominant risk factors. That is, inflation, tax issues and collateralization all play a negligible role due to the market's short maturity. Thus, the observed risk premium is merely up to either banking stability or market conditions. The first one reflects counterparty risk -a borrower's default probability and loss given defaultand the second one liquidity risk -the availability of credit of any volume at any time at the given interest rate. However, we argue, that the US mortgage market might have indirectly driven stock market correlations via those two money market risk premia or stock market uncertainty.
First, the stability of the international banking sector depends on their exposure to the MBS market, as outlined by Allen & Carletti (2008) and Kacperczyk & Schnabl (2010) . Hence, a substantial decline in MBS prices induces equity write-downs and rising counterparty risk of banks. Second, negative shocks on the MBS market would constrain the liquidity creation of banks via asset-based lending. Yet, the supply of unsecured lending might not be sufficient as a substitute: The higher banks depend on MBS as a refinancing source, the higher is the potential liquidity risk, as more generally explained by Kiyotaki and Moore (2002) . So far, academia is ambiguous about the two points: While Taylor & Williams (2009) and Eichengreen et al. (2009) identify counterparty risk as the driving factor, Brunnermeier (2009) and Longstaff (2010) plead in favor of liquidity risk. Third, a deterioration of the MBS market could raise doubts about US economic progress due to its high dependence on the real estate sector. Then, stock market uncertainty raises, based on a weakening mortgage market. In either case, the MBS market forms a potential source for infecting global stock markets.
For our empirical work follows, that the US mortgage market could have indirectly provoked global stock market contagion, while either counterparty risk, liquidity risk or stock market uncertainty might have acted as independent sources or intermediaries. An analysis of correlation dynamics will uncover, whether the influence of external factors has changed. In this respect, a direct impact of the MBS market, money market risk premia or stock market uncertainty exhibits the involvement of the correlated information channel. This is due to the revelation of new information regarding the condition of each market or its participants. In contrast, any indirect interaction between these variables reveals, that a certain combination of risk factors impacts the conduct of investors. Then, the risk channel plays a role.
Data
We collect data for our subsequent empirical study ranging from January 1, 2004 to September 1, 2009 on a daily basis. Beyond, we split up our sample into a pre-crisis and crisis period to obtain unbiased empirical results, see Forbes & Rigobon (2002) and Chiang et al. (2007) . In line with Kacperczyk & Schnabl (2010) we choose July 31, 2007 as the first day of the subprime financial crisis. That day the investment bank Bear Stearns already liquidated two sponsored hedge-funds, which had heavily invested into MBS. Ultimately, the market dried up on August 9, when it was "no longer possible to value fairly the underlying US ABS assets" (BNP Paribas, 2007) . By contrast, we choose the end of the subprime financial crisis as September 1, 2009, because it allows us to separate from the European sovereign debt crisis, which markets became particularly aware of the same month. Fourth, we consider the S&P 500 volatility index (VIX) as a measure for stock market uncertainty. By the same token, we regard it as a stock market premium to equity investors.
Accordingly, we include risk measures for both debt and equity markets. Today, the index trades at the Chicago Board Options Exchange and is calculated as a weighted average from the implied volatility of a range of 30-days-time-to-maturity-options on the S&P 500.
[ Table I ]
[ Figure 1 ] 
Empirical Study
We follow a three-step strategy to validate our hypothesis from section 3. First, we estimate time-varying correlations between the S&P 500 and the stock markets of 18 industrialized countries. Second, we examine these correlations for structural regime shifts after the beginning of financial turmoil on July 30, 2007 . Third, we analyze the impact of external factors on the correlation dynamics for the pre-crisis and crisis period.
Estimation of Dynamic Conditional Correlations
First, we model dynamic conditional correlations (DCC) based on a two-step generalized autoregressive conditional heteroscedasticity (GARCH) estimation approach, which was introduced by Engle (2002) and Engle & Sheppard (2001) . In its standard specification, the model assumes a stationary return process r t , where the k x 1 vector of variable values is conditional multivaria s ibuted. te normally di tr
Moreover, the return process is conditional on an information vector I available at t-1.
However, H t denotes the k x k conditional covariance matrix, .
Here, R t depicts the k x k time-varying correlation matrix and D t the k x k diagonal matrix of time-varying standardized residuals. Residuals are taken from the return process and normalized on time-varying variances derived from univariate GARCH estimates.
As shown by Engle (2002) the likelihood estimator can be divided into a volatility component and a correlation component.
In the first step, only the volatility component is maximized by a univariate (GARCH) model.
Given the standardized residual matrix D t of step one the correlation component is then maximized to determine the DCC parameters, α and β. The typical non-negativity and stationarity assumptions of variances and ∑ ∑ 0 are imposed.
For α = β = 0, the conditional correlation R t becomes constant, since it reduces to R. In either case, the model provides more modeling flexibility reflecting the weakened presumption of constant interlinkage.
When put into practice, the return dynamic specification differs from that standard, to capture each market's individual data generating process. Therefore, we estimate an autoregressive process (AR) of the Box-Jenkins type (1994) with a maximal lag length up to order five, where the Hannan-Quinn inform ion criterion determines the initial specification: at
Thereafter, lags parameters are recurrently excluded until all are significant, starting with the last one. Thus, the procedure ensures a parsimonious model calibration.
Subsequently, conditional variances are determined employing the standard univariate GARCH model of Bollerslev (1986) with P = Q = 1 lag:
Given the time-varying variances, the DCC parameters are then estimated as illustrated in equation (4) with M = N = 1. Hence, we presume the same lag structure for both the volatility and correlation component.
[ Table II ]
Our estimation results for each step are shown in Table [II] . These include correlations between the S&P 500 and those of the 18 stock markets, as well as the MBS vis-à-vis counterparty risk (CDS), liquidity risk (LIQ) and stock market uncertainty (VIX). The latter three are later needed to simulate the intensity of indirect shock propagation originating in the US mortgage market. In particular, all variables do not follow any autoregressive process, except for the S&P 500, CAC, Nikkei, CDS and VIX series. Meanwhile, all GARCH parameters are significant at the 5% significance level, demonstrating that variances are heteroscedastic. Hence, to determine correlations the DCC-GARCH model should be preferred over static methods, which require homoscedasticity. In fact, for all correlation estimates time-dependence can be confirmed, since most DCC parameters easily achieve the 1% significance level. Moreover, their estimation process is stationary.
In Figure there, correlations jump-start to their peaks and remain on that extraordinary high level. In contrast, the Asian/Oceanian stock market correlations seem to stay more stable, though they face several hikes during the crisis period as well. Only the NZX correlation shows a tendency to decrease, after hitting its crisis peak following the Lehman-Brothers collapse.
Stock Market Contagion during the subprime Financial Crisis
Second, we identify widespread stock market contagion by comparing the means of their dynamic conditional correlations during the crisis and whole sample period with a t-test.
Hence, the procedure allows us to derive an intuitive contagion measure, while circumventing pitfalls of more traditional approaches. Most notably, such methodologies compare unconditional correlation coefficients for both periods. However, they are usually biased, because misspecifications of the data generating process and heteroscedasticity are ignored;
see Forbes & Rigobon (2002) and Corsetti et al. (2005) . In contrast, our methodology dismantles both caveats by initially specifying the evolution of first and second moments for each variable. Only then, time-varying correlations are determined, after being standardized on heteroscedastic variances. Therefore, our t-test analysis is statistically unbiased, while comparing correlation levels intuitively connects to contagion.
Moreover, we exclusively focus on stock market correlations vis-à-vis the original crisis country to avoid potential common-cause interdependence. That is, an extraordinary increase in correlations is not erroneously considered as contagion, although both variables are essentially driven by an omitted third factor. 5 Therefore, we regard the US stock market as the country of origin of the recent financial crisis. For the same reason, we exclude the European Debt Crisis, because the source for contagion must not shift over time. As said before, we also expel some observations for model calibration purposes. Hence, we eliminate any foreseeable bias from common-cause interdependence.
[ Table III] Our results in Table [III] clearly demonstrate the widespread existence of financial contagion on global stock markets. That is, we find a general increase of correlations vis-à-vis the S&P 500 for a broad range of stock markets. Thus, our results yield, that financial contagion has not been limited to debt markets. Thereby, it suggests, that the US economy has infected those of other major countries, since stock markets largely reflect expectations on real economic conditions; see Pritsker (2001) . Furthermore, correlation levels significantly rise during the crisis for all but one country, while the median increase exceeds 10%. In contrast, we diagnose flight-to-quality (FTQ) due to a significant correlation decrease only once, for the NZX. Taken together, the analysis provides substantial statistical evidence for the contagious infection of global stock markets in the course of the subprime financial crisis.
Identifying Sources and Channels for Infecting Stock Markets
Third, our analysis of external influences on stock market correlations yields, that mainly two factors have provoked stock market contagion during the recent financial crisisshocks on the mortgage market and stock market uncertainty. In either case, counterparty risk of international banks has functioned as an intermediary for that to happen. That result builds on the comparison of a vector autoregressive (VAR) model for the tranquil and turmoil period, which clearly reveals these structural changes of short-run dynamics.
For our application a VAR type model allows for a greater modeling flexibility of potential interactions between correlations as well as the influence of external factors. 6 Hence,
we slightly generalize the model framework of earlier studies, to also permit existing lead-lag relations among stock markets; see Chiang et al. (2007) . Thus, the model derives as
Here, Y t-i is a k x 1 vector of dynamic correlations and X t-j a k x 1 vector of external factors at time t, whereas A i and B j describe k x k matrices of respective factor loadings. Thus, no mutual dependence is assumed among the external factors. The indices i and j denote the number of lags. In fact, we choose I = J = 1, corresponding to the data generating process assumed under the DCC-GARCH model.
To distinguish among direct and indirect shocks on stock market correlations, we successively introduce a set of variables, including interaction terms and simulated shocks. In a first regression, the set comprises the four variables CDS, LIQ, VIX and MBS. Hence, the vector X t-j of external factors in equation (7) is defined as .
For the second regression, three interaction terms formed of the CDS, LIQ and VIX variables extend the previous set, to quantify non-linear effects of simultaneously rising risk premia:
.
13 6 Some research has directly included external factors into the DCC-GARCH estimation process to measure their effect on correlations; see Kim & Kim (2010) . However, these studies have considered only a small number of variables. Meanwhile, the estimation process appeared to be quite unstable and therefore useless for our application, once we experimented with a higher quantity of factors.
For the third regression, we introduce three variables linking the indirect effect of the US mortgage market to certain shock propagation channels. For that purpose, first, time-varying betas for mortgage market shocks directed on counterparty risk, liquidity risk and stock market uncertainty are determined. Second, these betas are shocked with the actual MBS innovations to simulate their effect on those risk premia. Third, we connect shock propagation and transmission channel by multiplying their simulated effect and respective risk premium.
The newly created variables are denoted MBS_CDS, MBS_LIQ and MBS_VIX:
Therefore, our estimation strategy allows us to relate structural changes in correlation dynamics to direct and indirect shock propagation before and after the subprime financial crisis has started.
[ Table IV] Our empirical results in Table [ IV] for equations (8) to (10) show, that the influence of direct factors is much more pronounced in the tranquil period, while it shifts towards indirect shock propagation during the crisis. 7 Moreover, the average model fit considerably increases, though the number of relevant external factors diminishes in the turmoil period. Finally, rising constant values indicate a higher persistence of stock market correlations, after the crisis has begun -in line with our prior detection of global stock market contagion.
In detail, during the tranquil period external factors mostly pass shocks directly on to stock market correlations. This widely holds for the counterparty and liquidity risk variable, and sometimes for stock market uncertainty as well. Note this is usually not the case for the 14 MBS variable. Apart from that, indirect shock propagation involving several risk factors is of less importance, if any it includes liquidity risk. Therefore, money market liquidity risk seems of major relevance to stock market correlations prior to the recent financial crisis. From our point of view, it highlights the reliance of equity investments on short-term lending preceding the crisis.
In contrast, our analysis reveals several changes following the 'credit crunch' of July 2007. First and foremost, indirect shock propagation primarily takes over the role of direct shock propagation. In almost every case, both stock market uncertainty and mortgage market shocks affect stock market correlations, when combined with counterparty risk. Thus, rising banking sector instability seems to be a necessary condition for stock market contagion.
8
Most notably, in the only case of FTQ, the effect still is significant, but changes signs.
Second, as a direct influence only stock market uncertainty plays a role. However, it usually decreases or even disappears, as soon as the above two indirect factors are added to the regressions. Third, many regression constants considerably rise in value during the crisis, thereby indicating a higher persistence of stock market correlation dynamics. That is, a higher unconditional correlation level, which corresponds to our previous findings.
Finally, the additional statistics jointly confirm a high adequacy and robustness of the regression specifications. This is displayed by consistently high F-statistics and rising adjusted R²-statistics, once further external regressors are included. In fact, the average statistic level is higher in the crisis period, with only few exceptions (IBEX, ASX, NZX). The median PUR statistic also clearly increases from 6.21 % to 9.53%. 9 Moreover, our results remain robust for several alternative specifications. These include alterations of the crisis breakpoint, the examination of correlation changes instead of levels and using residuals of auxiliary regressions, which exclude additional factors. As a result, our empirical results seem unbiased by misspecifications.
Conclusion
In a nutshell, our empirical findings suggest that stock markets around the globe have been subject to contagion in the course of the subprime crisis, coming from the US stock market. In this respect, weak stability of international banks has been pivotal, because it has channeled adverse external shocks to stock markets. In particular, innovations on the mortgage market and stock market uncertainty have indirectly infected these markets via short-term lending. Beyond, the pre-eminent role of money markets for asset pricing is further underpinned by the widespread effect of liquidity risk on stock market correlations in the tranquil period.
The implications for policy makers and market participants are therefore extensive with regard to the evaluation of financial rescue actions during the recent financial crisis. First, economic progress has been threatened by bank instability. Hence, policy makers have rightly intended to foreclose contagion to their home economies. That means a stabilization of banks would have mitigated stock market contagion and accordingly negative repercussions to real economies, since banks do not have to reduce lending in response to a higher investment risk.
As our analysis highlights, bank stability is particularly important, once the US mortgage market and stock market uncertainty seem to be sluggish. Thus, we document, how contagion has spread both across countries and across assets.
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Second, the interbank market has formed a major channel for contagion. Especially, concerns related to banking instability, whereas liquidity risk has played a negligible role.
Therefore, we present evidence for the involvement of the risk channel. In particular, our analysis exhibits that investors have been largely concerned about the considerable exposure of banks to the US mortgage market. Hence, our diagnosis suggests short-dated policy interventions for stabilizing financial institutions, to decouple the tumbling US mortgage market and stock markets. Furthermore, the absence of liquidity risk demonstrates that investors have trusted in the central bank's ability to sufficiently provide markets with shortterm debt anyway.
Third, policy actions should target at restoring bank stability and strengthening the US mortgage market, as they have been key for stock market contagion: [ Figure 3 ] However, our empirical study is limited to the short-run. Above all, we do not provide any evidence regarding the long-term costs of those short-run policy actions discussed before.
In fact, more empirical work is needed to investigate the long-run welfare effects of such rescue actions, taking into account the interaction of different asset markets and countries.
Nevertheless, our study indicates that rescuing banks would have been necessary to protect stock markets from being harmed in order to avoid negative repercussions on real economies. 
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